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529Cortical Map Reorganization
without Cholinergic Modulation
Acetylcholine has been shown to modulate many
forms of cortical plasticity. New evidence indicates
that reorganization of adult primary auditory cortex is
still possible after removal of cholinergic inputs. This
finding suggests that acetylcholine may act less as
a gate andmore as a gain control on cortical plasticity.
Cholinergic modulation of learning and memory forma-
tion was first implicated a century ago when it was rec-
ognized that cholinergic antagonists can cause amnesia
in human subjects. Substantial evidence now supports
the hypothesis that acetylcholine regulates neural plas-
ticity, learning, and memory (Hasselmo, 1995). The nu-
cleus basalis (NB) provides the major source of choliner-
gic input to the cerebral cortex, and NB lesions in rats
are known to impair motor learning, sensory discrimina-
tion, spatial navigation, short-term memory, and recov-
ery from brain damage (McGaughy et al., 2000; Conner
et al., 2005). NB lesions also block cortical plasticity, in-
cluding the robust topographic reorganizations that fol-
low motor skill learning, peripheral denervation, and digit
amputation (Juliano et al., 1991; Webster et al., 1991;
Conner et al., 2005). NB neurons respond strongly to
behaviorally arousing stimuli, whether aversive or re-
warding (Richardson and DeLong, 1991). Electrical stim-
ulation of NB is sufficient to generate profound and long-
lasting changes in receptive field organization within
the primary sensory cortex. These findings suggest that
acetylcholine released by NB neurons serves as a rein-
forcement signal to guide cortical plasticity (Wein-
berger, 2003; Kilgard et al., 2002).
It is not yet clear whether it is more accurate to de-
scribe cholinergic modulation as a gate on cortical plas-
ticity or as a gain control mechanism. In this issue of
Neuron, Kamke and colleagues demonstrate that cho-
linergic input is not required for lesion-induced plasticity
in adult cortex (Kamke et al., 2005). While several other
studies have reported that cortical plasticity is elimi-
nated by NB lesions, their authors could not rule out thepossibility that plasticity is only delayed. In this study,
the authors used high-density microelectrode mapping
techniques to document cortical map plasticity after
damage to NB and to the high-frequency region of the
cochlea. Several weeks after the cochlea was damaged,
A1 neurons that had previously responded exclusively
to high-frequency tones were found to respond to mid-
frequency tones. This plasticity is analogous to that seen
after digit amputation and results in a prominent over-
representation of the highest frequency spared by the
lesion. Nearly identical map reorganization was also ob-
served in cats with near-complete destruction of cholin-
ergic neurons projecting to the cortex.
Several aspects of the experimental design resulted in
particularly clear results. The authors were able to con-
fidently document the reorganization of inputs from the
lesioned ear by comparing the frequency tuning for
tones delivered to the lesioned ear and those delivered
to the unlesioned (ipsilateral) ear. Responses to the un-
lesioned ear exhibited typical topographic organization,
which presumably indicates the frequency tuning prior
to cochlear damage. The difference between the fre-
quency tuning for tones delivered to each ear reveals
the degree of receptive field plasticity at each site with-
out the need for multiple mapping surgeries that might
alter cortical plasticity and topography. By selecting
a toxin that specifically targets neurons expressing the
low-affinity NGF receptor, the authors were able to pre-
cisely eliminate the subset of NB neurons that are cho-
linergic and project to the cortex, without damaging
other basal forebrain neurons. Although the precision
of the experimental manipulations and measurements
strongly supports their conclusion that map plasticity
is possible without cholinergic modulation, we are left
wondering why NB lesions eliminate map reorganization
after peripheral damage to the somatosensory system.
While it is possible that species- or modality-specific
differences underlie this discrepancy, many other stud-
ies have reported more similarities than differences in
the influence of acetylcholine across species and mo-
dalities. Differences in the experimental time course,
lesioning technique, and even housing conditions could
account for the apparent inconsistency and shed new
light on the function of cholinergic modulation in the
cortex.
While the studies of map plasticity in somatosensory
cortex were conducted either 4 days or 4 weeks after
the lesions were made, the current study documents
plasticity that occurred at least 7 weeks after cochlear
damage and 9 weeks after NB lesioning. The greater in-
terval may provide time for recovery of cortical plasticity
via upregulation of biochemical pathways or functional
substitution by another system. Alternatively, it may be
that acetylcholine is never really obligatory, but functions
to increase the rate of cortical plasticity.
Another difference between this and earlier studies is
the great precision with which cholinergic neurons that
project to the cortex were destroyed. NB neurons that
project to the amygdala and reticular thalamus were
likely spared, as were the majority of NB projection neu-
rons that are noncholinergic. Although there is currently
little evidence that these pathways are critical for lesion-
induced plasticity, it remains a real possibility (Sarter
and Bruno, 2002). A third possibility is that some aspect
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explain why NB lesions blocked plasticity in the somato-
sensory, but not the auditory, cortex.
Since neurons in the auditory cortex receive inputs
from both ears, high-frequency A1 neurons were likely
more active in the current study than the deprived re-
gions of the somatosensory cortex in the earlier studies.
In addition, many natural sounds are broadband and
simultaneously activate low- and high-frequency neu-
rons. After unilateral high-frequency hearing loss, sub-
threshold mid-frequency inputs to high-frequency neu-
rons from the lesioned ear may be strengthened due to
their coincident activation with relatively strong high-
frequency inputs from the undamaged ear. This pattern
of activation could be sufficient to drive mid-frequency
map expansion even without cholinergic modulation.
Future experiments using shorter recovery periods,
less precise NB lesions, and bilateral cochlear lesions
may explain the apparent differences in auditory and so-
matosensory cortex plasticity after peripheral denerva-
tion and would add significantly to our understanding
of the mechanisms that guide cortical map plasticity.
The current results suggest that acetylcholine is unlikely
to serve as a simple on/off switch for plasticity in adult
neocortex and more likely works in concert with other
modulators from the NB and elsewhere to adjust the
gain on the cellular mechanisms that support cortical
map reorganization (see Figure 1). This conclusion is
also consistent with studies of ocular dominance plas-
ticity in immature cortex and barrel cortex plasticity in
adults (Bear and Singer, 1986; Baskerville et al., 1997).
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